Introduction
Bacteriophage containing large double-stranded DNA genomes induce lysis of susceptible host cells for the release of progeny virions using endolysins that degrade the bacterial cell wall (reviewed in [1] ). Jacob and Fuerst [2] demonstrated as early as 1958 that a phage enzyme(s) induced lysis of Escherichia coli K-12 and coined the term ''endolysin.'' Endolysins form a group of proteins that is distinct from other lytic enzymes that disrupt bacterial cell from the outside during phage infection. The latter subset is represented for example by T4 lysozyme [3] . Endolysins can be divided into five main classes based on enzymatic specificity: the first three, N-acetylmuramidases (lysozymes), endo-b-N-acetylglucosaminidases, and lytic transglycosylases cleave the sugar moiety of peptidoglycan; endopeptidases cleave the peptide moiety; and N-acetylmuramoyl-L-alanine amidases cleave the amide bond between the sugar and peptide moieties [1, 4] . The unique ability of endolysins to rapidly degrade bacterial cell walls in a generally species-specific manner makes them attractive antibacterial agents [4, 5] .
The phage-like lysozyme encoded by STM3605 of Salmonella enterica serovar Typhimurium (S. Typhimurium) is highly conserved in Salmonella and has homologs of approximately 60 % sequence identity in other enterobacteria. While the exact origin of this gene is unknown, it is likely derived from horizontal transfer following an ancestral phage infection. Indeed, sequencing projects have revealed several bacteriophages in Salmonella [6] . Supporting the possibility of horizontal transfer, the GC content of STM3605 (48.9 %) is lower than the genomic average of 52.2 %, whereas the average for the 20 genes surrounding STM3605 on the chromosome is 53.3 %, closer to the genomic average. This suggests that STM3605 had a different origin than its genomic neighbors.
STM3605 encodes a small (13.5 kDa) protein with no predicted sec-dependent secretion signal or transmembrane helices [7, 8] indicating that it is likely a cytoplasmic protein. Interestingly, this protein has been predicted to be secreted via the type 3 secretion system (T3SS), a needlelike nanomachine that injects proteins from Salmonella directly into the cytoplasm of infected host cells [9] . Using the SVM-based Identification and Evaluation of Virulence Effectors (SIEVE) method [10, 11] (http://www.sysbep. org/sieve/), STM3605 has the 11th highest probability among all Salmonella proteins of being secreted via T3SS, excluding known secreted effectors. Similarly, using the T3SS prediction method ''Effective'' [12] , STM3605 scores higher than several known T3SS effectors: 0.99959 versus 0.38541 for SrfH, 0.99097 for SseL, and 0.07148 for SptP (http://effectors.org/index.jsp). Secretion via the T3SS has been tested in RAW 264.7 cells, but no secretion was observed (Niemann and Heffron unpublished result).
However, secretion may still occur under conditions specific for STM3605 that were not tested, or by a mechanism distinct from T3SS, such as outer membrane vesicles. While the function(s) of the Salmonella phage-like lysozyme during growth or host infection remain unknown, it is important to keep in mind that other multi-functional endolysins have been identified, including T7 lysozyme that binds RNA polymerase and inhibits T7 transcription during infection of the bacterial host cell [13] . Thus, further characterization of this Salmonella protein may reveal new roles. We have cloned, purified, crystallized, determined its structure and tested the enzymatic activity of the STM3605 protein from S. Typhimurium LT2 in order to facilitate a functional and structural investigation of the protein. Here we report the X-ray structure of STM3605 and its functional analysis.
Materials and methods

Cloning, analysis of expression and solubility
The gene cloning was performed according to Kim et al. [14] . Briefly, the STM3605 gene fragment coding for residues 5-107 (STM3605t) was PCR-amplified using the following set of primers: 5 0 -TACTTCCAATCCAATGCC TCATCTCGCTTTAGCTCCGCCT and 5 0 -TTATCCACT TCCAATGTTAATCACCCGTATTGATTAATGATAAA AAACGCTGA. The purified PCR product was treated with T4 polymerase in the presence of dCTP according to vendor specification (New England Biolabs, Ipswich, Massachusetts, USA). The protruded DNA fragment was mixed with the Ligation-Independent Cloning (LIC)-ready vector pMCSG7 and transformed to the E. coli BL21(DE3) Magic strain. A single colony was picked, grown and induced with isopropyl-b-D-thiogalactoside (IPTG). The cell lysate was analyzed for presence of the protein with the right molecular weight. The solubility was analyzed via small scale Ni 2? affinity purification and overnight TEV protease cleavage followed by 0.22 lm filtration of digested sample. The cloning of the full length STM3605 (STM3605f) was performed identically to the above with the following primers used: 5 0 -TACTTCCAATCCAATGC CATGCCGCACATTTCATCTCGCTTTAG and 5 0 -TTAT CCACTTCCAATGTTAAATTCGCAGTCCGCTTATTT CTGGCT.
Point mutations were introduced at positions Q20E and V35T using a procedure based on the Polymerase Incomplete Primer Extension (PIPE) cloning [15] to generate Q20E_STM3605f and Q20E/V35T_STM3605f protein variants. The efficiency of cohesive ends creation was enhanced by T4 polymerase treatment of the amplified plasmid. Briefly, a plasmid carrying the STM3605 coding sequence was PCR-amplified by KOD Hot Start polymerase in presence of 1 M betaine and the following primers; 5 0 -AAACAGTGGGAGGGTCTGTCGCTGGAAAAGTAT CG and 5 0 -GACAGACCCTCCCACTGTTTAATAAACG CGATGCAGG for Q20E, 5 0 -GGTAACTGGACGATTGG TTACGGGCATATGTTGACG and 5 0 -GTAACCAATCG TCCAGTTACCCTGCCGATCGC for V35T. The unpurified PCR product was digested with T4 polymerase without any dNTPs according to Dieckman et al. [16] . The T4 polymerase-treated mixture was transformed to the E. coli BL21(DE3) Magic strain. Plasmids purified from single colonies were sequenced at University of Chicago Cancer Research DNA Sequencing Facility.
Protein expression and purification
The starter cultures were grown at 37°C overnight in 500 mL polyethylene terephthalate beverage bottles containing 25 mL of non-sterile modified M9 salts ''pink'' medium [17] . It was then transferred to a 2 L polyethylene terephthalate beverage bottle containing 1 L of M9 ''pink'' media. Cells were allowed to grow until OD 600 reached 1.4. They were cooled down to 18°C before inhibitory amino acids (25 mg each of L-valine, L-isoleucine, L-leucine, L-lysine, L-threonine, L-phenylalanine), 15 mg selenomethionine (Fisher Scientific, Pittsburgh, Pennsylvania, USA, catalog number MD045004D), and IPTG to final concentration 1 mM were added to the culture. Cells were then grown overnight at 18°C and harvested the next morning. 15 g of cells were harvested from 2 L of culture. The cells were re-suspended in 60 ml of lysis buffer containing 50 mM HEPES pH 8.0, 500 mM NaCl, 5 % (v/v) glycerol, 10 mM imidazole, and 10 mM b-mercaptoethanol, plus two protease inhibitor cocktail tablets (cOmplete ULTRA, Roche, Indianapolis, Indiana, USA). Re-suspended cells were stored at -80°C before processing. Frozen cells were thawed and lysed on ice. Lysates were sonicated for 5 min and centrifuged at 30,000 g for 60 min followed by filtration through 0.45 lm syringe filters. Clarified lysates were loaded on an Ä KTAxpress (GE Healthcare Life Sciences, Piscataway, New Jersey, USA) for automated purification using affinity chromatography (IMAC) followed by size exclusion chromatography on a HiLoad 26/60, Superdex 200 column (GE Healthcare Life Sciences). A single peak containing 30 mg purified protein was collected from the size exclusion chromatography column. Purified protein was digested with 0.3 mg of recombinant His-tagged TEV protease for 48 h to remove the His-tag from the protein. The digestion was verified by SDS-PAGE and showed complete removal of the His-tag. A second IMAC was performed on the Ä KTAxpress to remove the free His-tag and TEV protease. The protein was then concentrated to 17 mg/ml in crystallization buffer containing 20 mM HEPES pH 8.0, 250 mM NaCl, and 2 mM DTT.
Size exclusion chromatography (SEC)
The molecular weight of wild type (wt) and mutated STM3605f protein in solution was analyzed by HPLC SEC using a SRT SEC-150 (7.8 mm 9 250 mm) column (Sepax Tech. Inc, Delaware, Newark, USA) in a buffer containing 20 mM HEPES/NaOH pH 8.0, 250 mM NaCl and 2 mM DTT according to the method described previously. The column was equilibrated and calibrated using standard proteins from the HMW Gel Filtration Calibration Kit (GE Healthcare Life Sciences). The chromatography was carried out at 22°C at a flow rate of 1.2 ml/min The following proteins were prepared in running buffer at a concentration of 5 mg/ml: aprotinin (6.5 kDa), ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin (43 kDa), conalbumin (75 kDa), aldolase (158 kDa) and thyroglobulin (669 kDa) to determine a calibration profile. The calibration curve of K av versus log molecular weight was prepared using the equation
where V e = elution volume for the protein, V o = column void volume, and V t = total bed volume. Elution volumes were noted and a linear regression analysis was applied to the standards. The STM3605f protein (*5 mg/ ml) was re-suspended in the running buffer and analyzed under the same conditions as the standards.
Protein reductive methylation
To produce crystals suitable for diffraction, the concentrated protein was subjected to reductive methylation of lysine residues [18] . After reductive methylation, the protein was exchanged with crystallization buffer. Protein was concentrated to 37 mg/ml.
Cell lysis assay
The bacterial strains Micrococcus luteus ATCC No. 4698 and Bacillus pumilus ATCC 27142 were grown in aerobic cultures in BHI media containing agar, at 28°C overnight. The E. coli K12 strain was grown in Luria-Bertani medium. A small amount of the culture was then allowed to grow in liquid BHI media overnight. 100 ll of the cells were then transferred to each well of a 96-well plate. Final concentration of STM3605 wt or mutant proteins were added to each well. The change in OD at 600 nm (OD 600 ) was recorded using the plate reader every minute for 1 h. All assays were done in triplicates.
Micelles assay 50 ll samples of each protein (80 mg/ml) were mixed well with ice-cold 100 ll of 10 % (v/v) Triton X-114 and 350 ll of a New sub-family of lysozyme-like proteins 3
buffer MA containing 20 mM HEPES pH 8.0, 250 mM NaCl, and 2 mM DTT. Samples were first incubated on ice for 10 min and then 10 min at 30°C. They were then centrifuged at 13,000 rpm for 10 min at 30°C. The detergent phase was washed with 400 ll of a buffer MA at 30°C; the buffer phase was washed with 100 ll of 10 % Triton X-114 at 30°C. They were centrifuged again at 13,000 rpm for 10 min at 30°C. They were washed twice to ensure clear separation of the two phases. The detergent phase was washed with 15 ml of the buffer to remove extra detergent and concentrated down to 100 ll. 10 ll of each of the samples were loaded on SDS-PAGE.
Crystallization
STM3605t SeMet-labeled and methylated protein at 37 mg/ml was used to set up crystallization screen using Mosquito liquid dispenser (TTP LabTech, Cambridge, Massachusetts, USA). MCSG1, MCSG2, MCSG3, and MCSG4 screens (Microlytic Inc, Woburn, Massachusetts, USA) were used for the screening in 96-well CrystalQuick plates (Greiner Bio-one, Monroe, North Carolina, USA). 500 nl of protein were mixed with 500 nl of each crystallization reagent and the plates were allowed to equilibrate at 16°C. X-ray quality crystals appeared in the MCSG D3 conditions, containing 0.14 M CaCl 2 , 0.07 M Na acetate/HCl pH 4.6, 14 % (v/v) 2-propanol.
Data collection and structure solution
Prior to data collection, the crystals were soaked in mother liquor supplemented with 30 % (v/v) glycerol and flashcooled in liquid nitrogen. The X-ray diffraction dataset extending to 1.7 Å was collected at the Structural Biology Center beamline ID-19 at the Advanced Photon Source, Argonne National Laboratory. The single-wavelength anomalous diffraction (SAD) dataset was collected at 100 K near the selenium K-absorption edge. The diffraction images were processed with the HKL3000 suite [19] . Intensities were converted to structure factor amplitudes in the Truncate program [20] from the CCP4 package [21] . The structure was solved by SAD method using selenium peak data and the HKL3000 software pipeline. The initial protein models were built in ARP/wARP [22] . Manual model rebuilding was carried in COOT [23] and crystallographic refinement was performed in Buster [24] . The processing and refinement statistics are given in Table 1 .
Results
Protein constructs
The wild type STM3605f protein consists of 118 residues. For crystallographic and functional assays we have expressed and purified four protein variants. STM3605t construct consists of residues 5-107 and includes two methionine residues. This protein has been expressed in the presence of SeMet to enable SAD-based crystal structure solution. In addition, STM3605t has been subjected to reductive methylation to facilitate the crystallization process. Simultaneously we also expressed and attempted to crystallize a full-length Se-labeled non-methylated variant (STM3605f), but those efforts were only partially successful. Namely, the obtained crystals allowed us to solve the structure (*2.4 Å resolution) but we could not complete satisfactory refinement due to high anisotropy. Therefore, we will base our structure description and comparisons on the truncated STM3605t protein refined to 1.7 Å resolution. For functional analysis we have used the native fulllength STM3605f and designed, based on structural comparisons of the active sites, two full-length mutants, Q20E_STM3605f and Q20E/V35T_STM3605f, which were also produced as native proteins (i.e. no SeMet).
Sequence and structure analysis STM3605t crystallizes in the hexagonal space group, P6 1 22, with two protein chains in the asymmetric unit ( Fig. 1) and 96 water molecules. Neither of the two independent polypeptides is fully visible in the electron density map. The longer one has been modeled from Arg7 up to Ile103. The experimental data confirm successful protein methylation as the methyl groups are clearly visible in the electron density maps at Lys17 and Lys26 in both protein molecules (Fig. 1) . In addition, there is evidence that the protein suffered from oxidation manifesting in Cys12 modification into hydroxycysteine (not shown). Moreover, the two molecules are covalently linked via two disulfide bonds involving Cys74A-Cys67B and vice versa (Fig. 1) , possibly also as a result of oxidative process.
STM3605 is a single-domain protein with the following topology: a 1 b 1 b 2 a 2 a 3 . Analysis of the protein sequence and structure reveals similarity to numerous phage and bacterial phage-like lysozyme (N-acetylmuramidase) proteins. The results from InterProScan [25] suggest that STM3605 belongs to the lysozyme-like superfamily (SSF53955), while CATH3d [26] recognizes a lysozyme domain belonging to the CATH family 1.10.530.40. A structure similarity search using Dali [27] identifies several lysozyme structures. The closest match is p22 lysozyme (PDB entry 2ANV, Z-score 8.5, rmsd 2.7 Å over 88 residues, sequence identity 25 %), while the next hit corresponds to T4 lysozyme (PDB entry 151L, Z-score 7.9, rmsd 2.1 Å over 86 residues, sequence identity 28 %). Profunc analysis [28] also indicates sequence similarity to lysozymes, but the program did not find similarity to any enzyme active site template or ligand-binding site template.
T4 lysozyme is longer than STM3605 and contains 164 residues folded into N-and C-terminal domains. Superposition of STM3605 and T4 lysozyme shows good agreement within the N-terminal portion (Fig. 2) , but from the C-terminal domain only the equivalent of helix H5 is present in STM3605t (a 3 ). The wild type protein is long enough to also create helix H6, but in the STM3605f variant we do not see such an element. Theoretically, our truncated variant could also form part of the H6 helix, but instead, we observe C-termini of both molecules oriented towards the putative active site. We do not know if the observed conformation of the C-terminus represents a native state of the protein, especially because in the STM3605f crystal the tail too enters the ''active site'' but it is oriented in the opposite direction compared to the STM3605t variant. It is notable, however, that the T4 lysozyme fold is to some extent reconstructed within the STM3605t dimer created by molecule A and a symmetry related molecule B' occupying position x, x-y, -z?1/6 (Fig. 2b) . Specifically, helix a 3 from B' overlaps with the H10 helix from T4 lysozyme within the dimeric assembly.
According to the PISA prediction [29] , the protein can form two types of tetramers (not shown). These tetramers are created by two different sets of identical dimers. Within one of these dimers, the molecules are cross-linked by two disulfide bonds (see above, Fig. 1 ). It has to be noted though, that in STM3605f we do not observe a tetrameric assembly structure or a covalently-bound dimer. We do notice, however, a dimer analogous to the one created through symmetry operation between STM3605t molecule A and B' (x, x-y, -z?1/6; Fig. 2 ). Therefore, it seems that a tetramer is a crystallographic artifact caused by formation of disulfide bonds. Most likely, the biologically relevant oligomer is the aforementioned noncovalent dimer, although results from SEC indicate species with molecular weight corresponding to a trimer (*40 kDa) for the wt protein and active site mutants (Fig. 3) . It is also possible that the dimer migrates anomalously on the SEC column.
Potential active site and lytic activity
In lysozymes, the residues involved in catalysis are Glu (acid catalyst) and Asp (general base) [30, 31] . The latter residue is not essential, for example goose lysozyme does not have it [32] . On the other hand, Glu has been shown to be indispensable [33] . STM3605 contains Gln20 and Asp29 in equivalent positions (Fig. 4) , therefore it appears to be missing the key catalytic residue that protonates the scissile glycosidic bond. Also in T4 lysozyme Thr26 involved in positioning of the key catalytic water molecule [34] is replaced by Val35 in STM3605. In addition, the C-terminus of the molecule is oriented toward the putative active site leaving no space for a ligand to bind. As mentioned earlier, we do not know if this conformation is biologically relevant.
Based on structural alignment with other functionally active lysozymes, we designed two active site mutations Q20E (introducing acid catalyst) and a double mutant Q20E/V35T (introducing acid catalyst and Thr involved in orienting the catalytic water molecule) in order to restore enzymatic function. We generated both mutants and confirmed their gene DNA sequences and both proteins were purified.
We have tested wt STM3605f and mutated proteins for cell lysis activity using Gram-positive M. luteus cultures, a standard strain used for testing lysozyme activity. We have shown that the wt protein appears to have cell lysing function and inhibits M. luteus growth (Fig. 5) . Both active site mutants seem to be less effective than wt protein with double mutant Q20E/V35T being worse than Q20E. However, similar assay performed with B. pumilus (Grampositive) and E. coli (Gram-negative) cultures show no cell lysis inhibitory effect (data not shown) even at high protein concentration. These results suggest that the cell disrupting function of STM3605 appears not to be directly linked to its hydrolytic activity. It has been reported previously that lysozymes can damage bacterial cells by inserting into cell membrane [35, 36] . To test this hypothesis we evaluated whether SMT3605 can partition into micelles formed by detergent Triton X-114 [37] . Figure 6 indeed shows that wt STM3605 and its mutants can partly be inserted into the micelles (lines 8, 11 and 14) . This process is much less efficient compared to a true transmembrane protein (photoreaction center in line 2) but is significantly better than the hen egg-white lysozyme.
Discussion
The genome of S. Typhimurium strain LT2 contains three lysozyme-like proteins, including STM3605. The other two proteins are encoded on prophages Gifsy-2 (STM1028) and shown in a stick representation. b The same as in A with active site cavities calculated in SURFNET [43] shown as purple surface (STM3605, calculated for a protein with residues Gly95-Ile103 excluded) and grey mesh (T4 lysozyme) Fels-2 (STM2715), while the STM3605 gene is not near other phage genes. There is 44 % similarity between STM3605 and STM1028 (E value 1e-05) and 47 % similarity between STM3605 and STM2715 across a stretch of 85 amino acids (E value 1e-05). While there is some similarity between the N-termini, it is noteworthy that Gln20 of STM3605 is replaced with Glu20 that is the expected residue for the active form of the enzyme in the other two proteins. Multiple sequence alignments of STM3605 sequence neighbors from other enterobacteria as well as more distant homologs from Salmonella and phage highlight these distinctions (Fig. 7) . Furthermore, while STM3605 appears to be an orphan phage enzyme relative to its genomic neighborhood, STM1028 and STM2715 are surrounded by numerous (15-25) phage-related genes, including, in both cases, a holin gene immediately adjacent to the lysozyme gene. Holins are phage-encoded small membrane proteins that permeabilize the bacterial cytoplasmic membrane to allow cytoplasmic endolysin to gain access to the peptidoglycan layer [38, 39] . [35, 36] . Bactericidal action of partially unfolded proteins relies on the insertion of the C-terminal amphipathic helix H10 (in T4) into the cell membrane leading to its subsequent disintegration. This strategy resembles the mechanism by which many antimicrobial peptides operate (reviewed in [40] ). Nonetheless, STM3605 is expressed in Salmonella under multiple growth conditions in vitro (unpublished microarray results) and during infection of macrophages and HeLa cells. Expression does not appear to be significantly altered under these conditions, relative to growth in Fig. 6 Micelle assay of native STM3605 protein and its mutants. Lines 1-3 are controls with photoreaction center proteins (3 bands)-1 control, 2 detergent phase, 3 water phase. Lines 4-6 are for HEWL lysozyme-4 Lysozyme control, 5 detergent phase, 6 water phase, lines 7-9 are for WT STM3605-7 WT STM3605 control, 8 detergent phase, 9 water phase, lines 10-12 are for STM3605 Q20E single mutant-10 Q20E control, 11 detergent phase, 12 water phase and lines 13-15 are for STM3605 Q20E/V35T double mutant-13 Q20E/V35T control, 14 detergent phase, 15 water phase Fig. 7 Multiple sequence alignment of STM3605 and its homologs: the other two lysozyme-like proteins in S. Typhimurium as well as T4 and P22 phage lysozymes. Sequence identity between STM3605 and the other sequences in this alignment is less than 30 % LB medium to exponential phase [41] . While determined to be expressed by mRNA presence, demonstration of translation remains to be determined. Hence, the role of this protein in Salmonella remains to be deduced, but we conclude that its function is not hydrolytic. Our data suggest that STM3605 can partition into micelles, suggesting that its function may possibly involve association with some subcellular membrane structures. Beyond this, STM3605 inhibited the growth of M. luteus, leading us to speculate that STM3605 may be deployed as a potential deterrent to other bacterial flora during infection of its mammalian host. Efforts to restore enzyme function by introduction of mutations into the active site were unsuccessful but resulted in reduced partitioning into micelles and less effective inhibition of M. luteus growth.
Despite our inability to define a specific functional role of STM3605, from the observed sequence conservation, gene synteny, stable folded structure, and biochemical results we suggest STM3605 is not simply a relic of an ancient phage infection, but rather has been adopted by and indeed is now beneficial to descendants of the original host species. Other examples of proteins lacking conserved residues known to be required for activity in the great majority of their homologs have been noted [42] ; presumably these proteins retain an additional or alternate function that is unrelated to the missing conserved residues and, in the case of STM3605 intriguingly may be speculated as being protective during infection.
